Abstract: Isocyanides polymerize under the catalytic activity of Ni(II) to the corresponding poly(isocyanides): //RN+=C~ Nl(ll-l [RN =C<]". The polymers are of the rigid-rod type, and their molecules have a helical configuration as a result of hindered rotation in their carbon main chains. Upon polymerization, achiral isocyanides generally form a racemic mixture of left-and right-handed helices, whereas in the case of an optically active isocyanide one screw sense predominates. We describe a method for the preparation of a polymer with an excess of either left-or right-handed helices, starting from an achiral isocyanide. To this end, we added a slowly polymerizing optically active isocyanidc as comonomer to a rapidly polymerizing achiral isocyanide. CD spectra and optical rotation indicate that the screw sense of the resulting polymer samples is opposite to the one preferred by the homopolymer of the optically active comonomer. A mechanism is proposed according to which the optically active comonomer is preferentially incorporated in one of the two helices formed from the achiral isocyanidc, viz. the one that corresponds to its own homopolymer. The further growth of these helices is inhibited as a result of the low rate of polymerization of the optically active isocyanide, whereas the helices of the opposite screw sense can grow relatively unhindered.
o, R = 4-CIC6H4 e, R = (S)-CHjCH(COOC.Hs) p. R = 2,6-CI2C"Hj f. R = (S)-C2HsCH (CH,) q. R = c 6h 5c h 2 g. R = (S)-C6H5CH(CHj) r, R -rt-C8H|7 h. R = (/¿)-C"H,CH(CH,0C(0)CHj) s, R = /-C3H7 i, R = (/?)-/-C,H7CH(CH)) t, R = /-C4Hq j. R = 4-(CH3)2NC6H4 g J Reaction conditions (monomer, mol % NiCI2, solvent, temperature): 2 a, 1 0 , neat, 2 0 °C; 2 b and 2 c, 0.5, neat, 45 °C; 2 d, 1.0, neat, 45 °C; 2 e and 2 g, 0. 2, neat, 20 °C; 2f 0.05, EtOH, 20 °C; 2h, 0.15, MeOH, 20 °C; 2i, 0 .1, McOH, 20 °C. bc 0.1, CHCIj. ' Derived from the CD spectra of the polymers. J Determined by measuring intrinsic viscosities (toluene at 30.00 °C): MarkHouwink relation [77] = 1.4 X 10g A 7 i . 'Polymer insoluble in organic solvents and water. ^CD spectrum gives no decisive answer about the screw sense. 'Not determined. cyanide) is highly isotactic (meaning that the configuration is the same around all the single bonds) a helix will be formed.9 This helix is right-handed (P) if the aforementioned configurations are all S and left-handed (M) if they are all R (see Figure 1) . (9) If the configurations around the single bonds are alternating R and S, a syndiotactic structure arises. If the configurations arc randomly R and S , an atactic chain is formed. Strictly speaking, the terms isotactic, syndiotactic, and atactic cannot be used for polymers of the type described in this paper, as they refer to polymer chains that contain chiral centers.
0002-7863/8 8 /1 510-1581 $01.50/0 © 1988 American Chemical Society 1582 J. Am. Chem. Soc., Vol. 110. No. 5, 1988 Kamer el al. The resolution of poly(/m-butyl isocyanide) into enantiomers indicates that polymerization of isocyanides proceeds stereoselectively to isotactic helical molecules. When the monomer is achiral, a racemic mixture of P and M screws is formed. However, when the monomer is one enantiomer of a chiral isocyanide, its polymer will be a mixture of diastereoisomers, and P and M screws w'ill not be obtained in equal amounts. This feature was confirmed for approximately 20 different optically active isocyanides.10-12 The present paper deals with the problem of how' to obtain an exccss of polymer molecules with one screw' sense from an achiral monomer. Recently, we reported that stereoselective polymeri zation of achiral isocyanides can be achieved by using nickel(II) complexes as catalysts and optically active amines as initiators. 13 Here we describe a different procedure for obtaining optically active polymers from achiral isocyanides, i.e., by polymerizing a mixture of an achiral and a bulky optically active isocyanide.14 Our initial objective w'as to make a living polymer of an optically active isocyanide with one particular screw' sense. By adding a large amount of an achiral isocyanidc, we expected the screw to grow' further in the same direction (see Figure 2) . How-ever, a Figure 3 . CD spectra of polymers 3a (A), 3b (B), 3e (C), 3d (D), and simulated spectrum of 3a (E). different reaction took place. The bulky optically active monomer selectively inhibited the growth of one of the polymer helices from the achiral isocyanide. Our procedure resembles the procedure used by Berkovitch-Yellin to regulate the growth of crystals by "tailor-made" inhibitors.15
Results
Homopolymerization of Chiral Isocyanides. The chiral iso cyanides used in this study were synthesized from optically active amines and amino acids as generally outlined in Scheme I. (See also the Experimental Section.) Homopolymerization of these monomers was achieved by adding 0 .1-10 mol % of NiCl2 or NiCl2*6H:0 as catalyst. The polymers were off-white or yellow solids. Their viscosity-average molecular weights ranged from 15 000 to 95 000 (Table I , footnote b). In the infrared spectra, N = C stretching vibrations were visible at 1620-1650 cm-1. The optical rotation values of the polymers are presented in Table 1 . The CD spectra of polymers 3a-d are shown in Figure 3 . Those of 3e and 3g-i have been published in previous papers.11 No CD spectrum could be recorded of polymer 3f, since this compound was insoluble in organic solvents and water. The UV spectra of 3a-c show a broad shoulder at 300-400 nm on the onset of a much larger band in the far-UV region. This shoulder is due to the n -► 7r* transition of the N = C groups in the polymer backbone. This n -* 7r* transition is responsible for the CD spectrum in the region 250-500 nm. In polymers of optically active isocyanides both the chiral center in the side chain and the helical structure of the main chain induce rotational power in the imino chromophore. In the spectra of the polymers of Table I , the side-chain contribution is manifested as a negative band in the range 250-350 nm. The screw senses of the polymers are derived from the couplet at ~3 5 0 nm in their CD spectra. We previously calculated the CD spectra of poly(isocyanides) with Tinoco's exciton theory416,17 and the coupled oscillator theory of De Voe.18-20 In this way it was derived that a positive couplet corresponds with an M helix and a negative couplet with a P helix. In its CD spectrum polymer 3c clearly show's a positive couplet, indicative of an M helix. For polymers 3a and 3b, this couplet is partly obscured by the con tribution of the chiral side chain (Figure 3) . However, the CD spectra of 3a and 3b could be analyzed by simulation. For in stance, in Figure 3 the calculated spectrum of 3a is shown, divided into a contribution from the chiral side chain and from the helical main chain. As the resulting calculatcd curve is almost identical with the experimental curve, we conclude that this polymer also consists of M helices. The CD spectra of polymers 3e-i have been discussed earlier.11 For polymer 3e, no definite conclusion about ihe screw sence could be made, as the couplct is completely ob scured by the contribution from the chiral side chain. Even simulated CD spectra could give no decisive answer about the screw sense. The screw senses of polymers 3a-i as derived from the CD spectra are given in Table I .
Copolymerization. The achiral isocyanide 4-methoxyphenyl isocyanide (2k) was polymerized neat by NiCl2 in the presence of optically active isocyanides 2a-i. The molar ratio of achiral to chiral monomer was 1:1. After w'orkup, yellow to brow-n polymer samples were obtained, containing varying amounts of optically active monomer (Table II) . The molecular weights of these samples amounted to A/v =^45 000. The optical rotation of the polymers varied with the type of optically active comonomer used. High negative optical rotations were obtained with the comonomers derived from the amino acids 2a-e (Table II) . Relatively low' optical rotations were obtained with the como nomers 2f-i (Table II) . The CD spectra showed that the polymers derived from the latter comonomers consisted of a racemic mix tures of right-and left-handed screws; no couplets were visible in the CD spectra. This suggests that the low optical rotations of the polymers are due to the chirality of the side chains and not to the helical structure of the polymer main chain.
Various achiral isocyanides (2j-t) w'ere polymerized by NiCl2 in the presence of chiral isocyanide 2a or b as described above (16) P + A/ 16 0 0 0 a Reaction conditions: molar ratio achiral to chiral monomer, 1:1; catalyst, 1 mol 1 NiCI2; neat; reaction temperature, 2 0 °C. h Percent incorporation of chiral monomer in polymer as calculated from elemental analysis and 111 NMR.
• (Table III) .
All the resulting polymers had negative optical rotations except for the one derived from 2,6-dichlorophenyl isocyanide (2p); for this polymer no optical rotation within ex perimental error could be measured. CD spectra (e.g. see Figures 4 and 5) confirmed that the negative optical rotations of the samples derived from 2j-o and 2q-s can be ascribed to righthanded helical structures of the polymer main chains. The CD spectra of the polymers resulting from the achiral aromatic iso cyanides 2j-o show a very clear negative couplet pointing to a P helix (Figure 4 ). For the monomers 2q-s this negative couplet is partly obscured by the contribution from the incorporated chiral monomer (e.g. Figure 5A ). The CD spectra of the polymer samples derived from 2q-s and 2b could be analyzed by subtracting the CD spectrum of the homopolymer of 2b, corrected for the amount of incorporation of 2b (see Figure 5B ). Figure 5B clearly show's a negative couplet, thereby proving that the aliphatic iso cyanides 2q-s also form a P helix. An exception is the polymer derived from tert-butyl isocyanide (2t) and the chiral comonomer 2b. This polymer showed a negative optical rotation but no couplct in the CD spectrum, indicating that is consists of a racemic mixture of P and M screws. The observed optical rotation is probably due to the chirality of the side chains originating from 2b. Also, the polymer obtained from 2,6-dichlorophenyl isocyanide (2p) and 1584 J. Am. Chem. Soc., Vol. 110, No. 5, 1988 Kamer et al. 2b did not show a couplct in the CD spectrum, indicating it to be a racemic mixture of screws as well.
The extent of asymmetric induction in the polymerization of 4-methoxyphenyl isocyanide (2k) by the chiral comonomcr 2a was measured as a function of the initial ratio of these isocyanides in the monomer mixture. The optical rotation of the polymer samples increased with increasing mole fraction of 2a (/2a) in the starting mixture up to a maximum value of 740° a t / 2a = 0.75 and thereafter decreased. The percentage of monomeric units of 2a that is incorporated in these samples increased with in creasing / 2a. In Figure 6 A the optical rotation of the polymer sample is presented as a function of the incorporation of the chiral comonomcr. For comparison, the optical rotation of a mixture of homopolymers 3a and 3k is also presented (Figure 6 B) . From these curves the contribution of the achiral monomer to the optical rotation can be calculated ( Figure 6C ). Figure 6C also includes a number of corrected optical rotation values for the co polymerization of 2k with 2b and 2k with 2c. These values match the curve of 2k and 2a. As the CD spectrum is a better method for measuring the chiral induction, we determined the differential dichroic absorption coefficient (At) at 366 nm as a function of the incorporation of 2a (Figure 6 D) . Both the optical rotation and the At curves show a maximum at about 50% incorporation of 2a.?1
The copolymer mixture derived from 4-methoxyphenyl isocyanide (2k) and (5)-2-isocyanovaleric acid isopropyl ester (2b) was analyzed by chromatography over a Sephadex LH-60 column. Subsequently, the low molecular weight fractions were separated over a Sephadex LH-20 column. The results are presented in Table IV . The copolymer mixture consisted of high molecular weight fractions with a low content of chiral monomer and a high optical rotation and low molecular weight fractions with a high content of chiral monomer and a low-optical rotation.
Discussion
A convenient procedure for obtaining optically active polymers from achiral monomers is by copolymcrization with optically active comonomers.2l-2: By the inductive effect of the chiral comonomer units, the achiral monomers can assume as secondary structure that corresponds to the structure of the main chain of the optically active homopolymer.23 The data presented in the Results section indicate that an unusual reaction had taken place. The homopolymers from isocyanides 2a-e form a left-handed helix (see (21 ) Table I ). We, therefore, expected left-handed screws in our copolymer samples. However, when the achiral monomers 2j-o and 2q-s are polymerized in the presence of the chiral iso cyanides 2a-c a right-handed helix is formed (see Figure 4 and Table II ). We explain these results as follows. The optically active isocyanides 2a-e are bulky, slowly polymerizing monomers. From kinetic measurements we estimate their second-order rate constants in v = A': [Ni] [RNC] to be « 1 0 -3 M -1*s-1.24 These monomers preferentially form an M screw ( Figure 7A ). The achiral mo nomers 2j-o and 2q-s polymerize rapidly. Their second-order rate constants are in the range k2 = 0.2-12 M"l*s"1.24 These monomers form a racemic mixture of M and P screw's ( Figure   7B ). When an achiral isocyanide, e.g., phenyl isocyanide (2n).
(22) (a) Majundar, N.; Carlini, C. Makromol. Chem. 1980, 181, 201-214 (b) Chem. Soc., Vol. 110, No. 5, 1988 1585 is polymerized in the presence of a chiral one, e.g., (S)-2-isocyanoisovaleric acid methyl ester (2a), the former isocyanide will start to form a racemic mixture of left-and right-handed screws.
Monomer 2a will have a preference for incorporation in the M helix of 2n, and as a result, the grow'th of this helix will be slowed down. As far less of 2a will be incorporated in the P helix of 2n. this screw can grow relatively unhindered. Eventually, the P helix will consume most of the achiral phenyl isocvanide, and this screwsense will be predominantly formed ( Figure 7C ). This mechanism is supported by the fact that no chiral induction is observed when a combination of a fast polymerizing chiral (2f-i) and a fast polymerizing achiral monomer (2k) is used (Table II) . Also, a combination of a slowly polymerizing chiral (2b) and a slowly polymerizing achiral monomer (2p, It) yields a racemic mixture of P and M helices (Table III) .
According to the mechanism shown in Figure 7 , the copolymer sample is expected to have the following composition; high mo lecular weight fractions with high optical activity and a low content of chiral monomer; low molecular weight fractions with a high content of chiral monomer (w hich will eventually add up to 100%) and an optical rotation that will approach that of the homopolymer of the chiral isocyanide. Table IV shows that the results of the chromatography experiments are in line with the suggested mechanism.
Table II and Figure 6 B reveal that the substituent R' in the ester function COOR' of isocyanides 2a-e has no appreciable effect on the chiral induction, whereas the alkyl group at the chiral carbon atom docs. We explain this in the following way. Pre- Figure 9 . Intermediate in the polymerization of isocyanides 2a-e.
viously, we have shown that the mechanism of polymerization of an isocyanide is a consecutive insertion process around the nickel(II) center." The reaction starts from a square-planar nickelisocyanide complex by attack of a nucleophile X on one of the coordinated isocyanides (see Figure 8 ). In the resulting complex (Figure 8 B) the plane of the ligand C (X )= N R is approximately perpendicular to the plane of the isocyanide carbons and nickel, with R in either the E or the Z configuration. There is no free rotation around the bond from C 1 to Ni for steric reasons. Carbon atom C 1 in Figure 8 B has gained in nucleophiIicity and can now attack a neighboring ligand. Such an attack is facilitated when a new isocyanide ligand C 5= N R is substituted for C '(X )= N R . In the case of an achiral isocyanide the possibilities of attack on C 2 or C4 are equal. In the case of a chiral isocyanide one of these attacks will predominate. In Figure 8C it has occurred on C 2. When the sequence of attack continues in the direction C 1 -C 2 -* * C ; -« ■ C4, a left-handed helix is obtained. In a similar way, the sequence of attacks C 1 -* ■ C 4 -* C 3 -* • C : results in a right-handed helix.
For isocyanides 2a-e the complex as shown in Figure 8 B will
have the E configuration, as these isocyanides have large sub stituents. The alkyl group at the chiral carbon atom is the most bulky substituent and will point away from the bulky nickel center (see Figure 9 ).25 As a consequence, the ester function CO O R' is directed toward C4 and the hydrogen atom toward C 2. This will result in the formation of a left-handed helix, as was ex perimentally confirmed. For steric reasons, the substituent R' in COOR' will point away from the reaction center and is expected to have no effect on the chiral induction. When the methyl group in 2e is replaced by an isopropyl (2a) or .w-butyl (2d) group, an increase in stereoselectivity will be the result, in agreement with experiments.
As far as we know, the copolymerization mechanism presented here has no precedent in literature. It would be interesting to sec whether our procedure can be applied to other copolymerization systems.
Experimental Section
Analytical Techniques. Infrared (IR) spectra were recorded on Perkin-Elmer 297 and 283 spectrophotomers. Ultraviolet (UV) spectra were obtained on a Perkin-Elmcr 200 spectrophotometer. CD spectra were recorded on a homemade apparatus. This instrument measures the differential absorbance (A<) with a sensitivity of more than 1 X 10 6. Optical rotations were measured on a Perkin-Elmcr 241 polarimeter. '11 NM R spectra were obtained on a Varian EM 390 instrument. Chemical shifts (fi) are given downfield from internal tetramethylsilane. Abbre viations used are s = singlet, d = doublet, t = triplet, q = quartet, m = multiple!, and br = broad. Melting points were determined on a Mettler FP5/FP51 photoelectric melting point apparatus. Solution viscosity data were obtained with a Cannon-Ubbelohde viscometer.
yV-Formyl-L-valine Methyl Ester (la). According to a literature procedure L-valine was esterificd with methanol and freshly distilled SOCI2 in quantitative yield.26 Subsequent reaction with formic acid, sodium formate, and acetic anhydride.27 gave /V-formyl-i -valine methyl (25) As a relative measure of steric hinder, the A steric parameter can be used See also: Kagan, H. B. Stereochemistry, Thieme: Stuttgart, 1977; Vol. 3, p 26 ester: yield 80%; white crystals after recrystallization from CCI4; C H 3OH); mp 62.1 °C; IR (KBr) 1660 (N C H O ) , 1740 ( C = 0 ) cm '1; 'H N M R (CDC13) b 1.0 (2 d, 6 H, C (C H 3) 2), 1.9-2.6 (m, 1 H, CH), 3.85 (s, 3 H, O C H 3), 4.8 (2 d, 1 H, CH), 6.75 (s, br, 1 H, NH), 8.5 (s, 1 H, CHO) .
(S)-2-Isoeyanoisovalerie Acid Methyl Ester (2a). This isocyanide was prepared from la according to a modification of the procedure of Skorna and Ugi.28
Into a round-bottomed flask, equipped with a magnetic stirrer and a C 0 2/acctone reflux condenser kept at -30 °C, were brought 7.95 g (50.0 mmol) of la, 25.5 mL (228 mmol) of dry A'-methylmorpholine, and 100 mL of dry C H :C12. At a temperature of -30 to -40 °C, 3.62 mL (30.0 mmol) of diphosgene in 40 mL of dry C H 2C12 was introduced into the stirred reaction mixture over a period of approxi mately 1 h. After the mixture was stirred for an additional 1 h, the cooling bath was removed, and 65 mL of water was immediately added to the mixture. Subsequently, the still cold organic layer was separated, shaken with 65 mL of an aqueous 7.5% N a H C 0 3 solution, separated again, and dried over N a ,S 0 4. The crude reaction product was purified by column chromatography (silica gel, C H ;C12) and distilled in vacuo: bp 33 °C (0.5 mmHg); yield 5.2 g (74%) of a colorless liquid; [ « ] (f?)-2-Amino-2-phenylethanol. This compound was prepared starting from (7?)-(-)-a-aminophcnylacctic acid (D-phenylglycine). The amino acid was esterificd in methanol with dry HCI. The resulting ester was liberated from its HCI salt by dissolving it in an aqueous N a,C O , solu tion; the free amine was extracted with benzene and dried over N a2S 0 4. After the solvent was evaporated, the residue was dissolved in diethyl ether and added dropwise to an excess of LiAIH4 in diethyl ether. Subsequently, the mixure was refluxed for 2 h. After workup, the desired compound was obtained as light yellow crystals from ether/hexane: yield 
